The fractionation of metals in the fine fraction (<10 mm) of excavated waste from an Estonian landfill was carried out to evaluate the metal (Pb and Cu) contents and their potential towards not only mobility but also possibilities of recovery/extraction. The fractionation followed the BCR (Community Bureau of Reference) sequential extraction, and the exchangeable (F1), reducible (F2), oxidizable (F3) and residual fractions were determined. The results showed that Pb was highly associated with the reducible (F2) and oxidizable (F3) fractions, suggesting the potential mobility of this metal mainly when in contact with oxygen, despite the low association with the exchangeable fraction (F1). Cu has also shown the potential for mobility when in contact with oxygen, since high associations with the oxidizable fraction (F3) were observed. On the other hand, the mobility of metals in excavated waste can be seen as beneficial considering the circular economy and recovery of such valuables back into the economy. To conclude, not only the total concentration of metals but also a better understanding of fractionation and in which form metals are bound is very important to bring information on how to manage the fine fraction from excavated waste both in terms of environmental impacts and also recovery of such valuables in the economy.
Introduction
Industrial and urban activities, including households, generate considerable amounts of solid waste. According to Laurent et al. (2014) , the annual worldwide generation is approximately 17 billion tonnes with a prediction to reach 27 billion tonnes by 2050. However, whereas significant amounts of important natural resources are discarded as waste, the increase in global consumption also results in the depletion of natural stocks (including metals) (Meylan and Spoerri, 2014) . Population growth and the need to supply all inhabitants with commodities in an economically and socially sustainable manner brings the necessity to shift the traditional linear models followed by our society, not only into closed-loop models, but also into sustainable models that consider the recovery of valuable resources we have lost as waste products over decades. In this context, it is crucial to investigate waste reservoirs as potential secondary stocks of valuable constituents. Landfilling has been one of the most dominant ways of solid waste disposal in many parts of the world (Laner et al., 2012; Masi et al., 2014) due to relatively low initial investments and operational costs (Xiaoli et al., 2007) . Landfills can therefore be viewed as a secondary source of valuable materials, and there is a new trend to consider landfills as "alternative mines" (Frändegård et al., 2013; Krook, 2010; Krook and Baas, 2013) . The term "Landfill mining" was established in Israel in 1953 and it refers to the extraction, processing, treatment and/or recovery of deposited material.
Although a large number of studies have addressed the negative effects and toxicity of landfill leachates (Parodi et al., 2011) , little attention has been given to the fractionation between different geochemically active forms of metals in the solid waste material. Total metal concentrations are often used as a basis to assess environmental risks in different matrices, even though it is well known that Fractionation of Pb and Cu in the fine fraction (<10 mm) of waste excavated from a municipal landfill the "mobile" or "available" concentrations are those that are relevant for ecological/human health risk assessments (Ho et al., 2012; Li et al., 2016; Zhong et al., 2011) . Basic knowledge about the metal fractionation, on the other hand, has the potential of separating the geochemically active, or potentially mobile, forms from the more resistant ones, and gives insight into which environmental changes may promote metal mobilization, which is crucial both for an efficient resource recovery (Kaartinen et al., 2013) and for understanding how landfills should be properly managed during excavations to limit metals mobilization. Metal mobility and potential risks for the environment have been broadly discussed based on results from fractionation studies, for example, polluted soils (Øygard et al., 2008; Sahuquillo et al., 2003) , marine sediments (Cuong and Obbard, 2006; Mossop and Davidson, 2003) , fly ashes (Norris et al., 2010) and sludge (Lake et al., 1984) , but there are no studies in the literature regarding metal fractionation in the fine fraction of excavated waste from landfills. It has been reported that the major portion of the total mass of landfilled municipal solid waste (including the daily cover material that is usually soil) is found in fine-grained particles (<18 mm) (Kaartinen et al., 2013) , which shows the necessity to understand the composition of the fine fraction, from which leaching may occur. Different authors have been investigating landfill mining and trying to bring a better understanding on how to properly excavate landfills, characterize the excavated waste, assess the existing potential for materials and energy recovery, assess the economic feasibility and assess the environmental and ecological impacts through the outdoor storage and management of fine-grained fractions (<10 mm) (Bhatnagar et al., 2017; Burlakovs et al., 2015; Hermann et al., 2014 Hermann et al., , 2016 Kaczala et al., 2017; Wolfsberger et al., 2015a Wolfsberger et al., , 2015b Wolfsberger et al., , 2016 . Therefore, the objective of the present study was to assess metal fractionation in the <10 mm fraction of waste excavated in the Kudjape Landfill, Saaremaa, Estonia, through sequential fractionation. This is one of the first studies, if not the first, to focus on the metals fractionation on the fine fraction of excavated waste originated from a full-scale landfill mining activity, and the current results will, hence, provide to different actors such as researchers and waste managers a better understanding of the potential problems of landfill mining activities and handling of fine particles in terms of storage, disposal and also potential recovery of certain chemical elements depending on their fractionation. This paper focuses on two metals that have been widely used in society: copper (Cu) and lead (Pb). The annual amounts of mined Cu are steadily increasing, globally corresponding to 18.3 million tonnes in 2013 (USGS, 2015) . The high economic value and large usability point towards a continued high global demand, despite the limited reserves, which motivates strategies to recover Cu from excavated waste fractions. The other metal of concern in this investigation was Pb, which has ores mined at a rate close to 5 million tonnes a year and has a high economic value with a world market for refined lead at about US$15 billion (USGS, 2015) . Approximately 60% of Pb in Europe comes from secondary production -recovered from recycled products or from residues arising from the production process -showing that unlike many other recycled/recovered materials the value of Pb means that recycling of Pb is economically viable and self-sustainable, which makes us believe that such metal can be of great importance if recovered from different types of excavated waste.
Materials and methods

Description of the landfill site and sampling procedures
The fine fraction (<10 mm) was obtained from landfill mining activities that took place at Kudjape Landfill, located on the Island of Saaremaa (N 58:16:06, E 22:32:23), 2 km southeast from Kuressaare town, Estonia, during February 2013. The waste disposal area consisted of two sections: (1) the old section with approximately 1.2 ha, which received an estimated volume of 35,000 m 3 between 1970 and 2000 and (2) the new section, covering approximately 2.7 ha, which received about 158,000 m 3 of waste between 2000 and 2009. The landfill received mainly municipal solid wastes and the waste composition of the studied landfill is reported by Kaczala et al. (2017) .
The waste was initially disposed on a flat area 4 m above the sea level and it reached a final height of approximately 12 m by the landfill closure. A compactor was used to prepare the area for new incoming waste over the last 10 years, and no intermediate cover layers existed. Average annual temperature at the site is 5.6 °C and annual precipitation is 594 mm.
The sampling at Kudjape Landfill was done according to Kaczala et al. (2017) . Four different test pits (TP 1 , TP 2 , TP 3 , TP 4 ) were excavated, which were each divided into four sampling depths (L 1 , L 2 , L 3 , L 4 ). The approximate aging of the waste at the time of excavations for each layer was: L 1 (4-5 years), L 2 (5-6 years), L 3 (6-7 years), L 4 (7-8 years). Each test pit had a total excavation depth of approximately 5 m, including the 30-50 cm topsoil cover layer that was removed prior to sampling; thus, each layer had an approximate depth of 1 m, and a sample volume of 1 m 3 . An example of one test pit and respective sampling layers is illustrated in Figure 1 . As soon as 1 m 3 of waste was excavated from each layer within a specific test pit, the waste was fed into a trommel screen Doppstadt SM518 for an initial separation of the waste in two fractions:
(1) >40 mm and (2) <40 mm. The fraction <40 mm was further screened down to <10 mm, which was the fraction (finegrained fraction) focused on in this study. Most of the material in this fraction, however, consisted of aggregated material of clay/silt size, meaning that upon gentle grinding of the original <10 mm material (which was made with an agate pestle), it was found that more than 95% of the total weight was related to particles that could pass through a 2 mm sieve. This smaller size fraction (<2 mm) is used in many geochemical analyses, and it was this grinded, fine material that was used in the chemical extractions of this study as well. Considering four test pits with samples taken in four different layers, a total of 16 samples of the fine fraction, approximately 10 l each, were transported to the laboratory and stored at 4°C until the sequential extraction tests were performed.
Sample preparation for sequential extraction
Sequential extraction was done with eight composite sub-samples obtained from the 16 original ones (four test pits with four different layers each). The composite sub-samples from the test pits (TP x ) were obtained as a mixture of different layers in each of the respective test pits (Equation (1)), whereas the composite sub-samples of the different sampling layers (L x ) were obtained as a mixture of samples taken in that respective layer within each test pit under consideration (Equation (2))
where X is the number of the test pit (1-4) and the layers (1-4), respectively.
Sequential extraction procedure
The sequential extraction was carried out according to the BCR (Community Bureau of Reference) three-step procedure that determines four geochemical fractions of metals in the solidphase, defined by the operational mechanisms of their dissolution: acid-soluble/exchangeable fraction (F1), reducible fraction (F2), oxidizable fraction (F3) and residual fraction (Nemati et al., 2011; Rauret et al., 1999) . Prior to the extraction procedures, all tubes and glassware were soaked in diluted nitric acid (10% v/v) for 8 h and rinsed with ultra-pure water produced by a Milli-Q™ apparatus (Millipore, 18.2 MΩ/cm resistivity). A detailed description of the fractionation procedure is given below.
Step 1 (acid extractable/exchange fraction -bound to carbonates). The first fraction of metals was extracted by accurately weighing 0.5 g of the dry fine material, placing the samples in polyethylene centrifuge tubes followed by the addition of 20 ml of 0.10 M acetic acid (100%, Scharlau Chemie S.A, Barcelona, Spain) and mechanically shaking them (270 rpm) on an end-overend shaker (Rotamix RM1) for 16 h at room temperature (approx. 23 ± 2°C). The extracts were then separated from the residue by centrifugation for 20 min at 3000 rpm, rinsed with distilled water, hand shaken, decanted and finally stored in acid-rinsed polypropylene tubes for further analysis. To continue in Step 2 the residual fine fraction was washed with 20 ml distilled water, shaken for 15 min (Rotamix RM1) and centrifuged at 3000 rpm. In a sequence, decantation of the supernatant was carried out to eliminate any remaining particles before the next extraction step (Step 2).
Step 2 (reducible fraction -bound to Fe/Mn oxides). After pH adjustment to 1.5 with 2 mol l -1 nitric acid (65%, Scharlau Chemie S.A, Barcelona, Spain), 20 ml of fresh hydroxyl ammonium chloride 0.5 M (Scharlau Chemie S.A, Barcelona, Spain) was added to the residual fine fraction of Step 1 and shaken (270 rpm) for 16 h at room temperature. The extracts were then separated from the residue, as previously mentioned in Step 1.
Step 3 (oxidizable fraction -bound to organic matters and sulphides). Initially, 5 ml of hydrogen peroxide 8.8 M (30%, Scharlau Chemie S.A, Barcelona, Spain) adjusted to pH 2-3 was carefully added to the remaining fine fraction of Step 2 in a 50-ml centrifuge tube followed by being kept at room temperature (approx. 23 ± 2°C) for 1 h and then an additional 1 h at 85 ± 2° in a water bath. Then, another 5 ml of pH-adjusted hydrogen peroxide was added; the centrifuge tube was then covered and heated at 85 ± 2°C until it reached an approximate final volume of 2-3 ml. Samples were then removed from the water bath and cooled down to approximately 23 ± 2°C, followed by the addition of 25 ml of 1.0 M ammonium acetate (Fisher Scientific, Loughborough, Leicestershire, UK) and shaken for 16 h. The separation of the remaining particles and the aqueous phase were performed as previously described in Step 1.
Step 4 (residual fraction -strongly associated to the crystalline structures of the minerals). The residue from the former step was digested with a mixture of aqua regia (nitric acid:hydrochloric acid in 1:3) and hydrofluoric acid (40%, Scharlau Chemie S.A, Barcelona, Spain) consisting of 5 ml nitric acid + 15 ml hydrochloric acid + 2 ml hydrofluoric acid. Hydrochloric acid was of analytical grade (36% Fisher Scientific, Loughborough, Leicestershire, UK).
Separate pseudo-total digestion
To be able to compare the sum of concentrations of the sequential extraction, some of the homogenized sample material was also subjected to a one-step pseudo-total extraction. A total of 4.0 g dried material from the <2 mm fraction was then digested in 3.0 ml HCl and 3.0 ml HNO 3 in a closed 50 ml quartz vessel in a Perkin Elmer Microwave oven. The oven was run according to a three-step programme. In the first step, the power was set to 400 W during 6:00 min and a fan speed of 1 was chosen. The second step had an effect of 900 W for 9:00 min and a fan speed of 1. Finally, a cooling phase was run for 15:00 min. The digested samples were transferred into 50-ml volumetric flasks and diluted with 18.2 MΩ cm -2 Milli-Q TM water The total metal concentration was compared to the sum of the four individual fractions (F1, F2, F3 and R) and the accuracy of the experiment was evaluated through the recovery rates according to Equation (3) below Recovery (% = ((F1+F2+F3+Residual)/total digestion)*100 )
Analytical procedures
The metals Cu and Pb were analysed after filtration through 0.45 µm filters attached to 50 ml syringes by atomic absorption spectroscopy -AAS (Model Analyst 4).
Results and discussion
Physical chemical characteristics of fine fractions
The total concentrations of Pb and Cu (mg kg -1 dry material) and the respective concentrations of each fraction (F1, F2, F3 and residual) are shown in Figures 2 and 3 , respectively. As can be seen in relation to the spatial variation of metal contents in the fine fraction, the results show no considerable differences in average concentrations when comparing different test pits (Figures 2(b) and 3(b) ), with the exception of a much higher concentration of Cu in TP 1 (333 mg kg -1 ) in comparison to the other three test pits, which had concentrations ranging between 167 and 229 mg kg -1 (Figure 3) . When comparing the results obtained for the different layers, the highest total metal concentrations were found in the deepest excavated layer (L 4 ), with Pb and Cu being detected in concentrations as high as 507 and 474 mg kg -1 , respectively. The deepest layer is the one that contains the oldest landfilled waste, approximately eight years, and the highest metal concentrations can be related to changes in the composition of the fresh waste over the years, as suggested by Quaghebeur et al., (2013) . A study conducted by Quaghebeur et al. (2013) in the Flemish region of Belgium focused on temporal variation of fresh waste composition since 1993, and observed that metal contents have decreased over the years. It is important to highlight, however, that such temporal changes in fresh waste composition are site-specific dependent and it is not too often that results obtained in one landfill represent the reality of other landfills in different geographical locations, which could be why in the current study there was no well-defined pattern of metal concentrations throughout the layers. The concentrations in the upper (L 1 ) and middle layers (L 2 , L 3 ) were not as high as those observed in L 4 and there were no considerable differences between them when considering Pb and Cu. The concentrations of Pb in L 1 , L 2 and L 3 were found to be 227, 259 and 191 mg kg -1 , respectively; Cu was detected in concentrations of 241, 269 and 121 mg kg -1 , respectively (Figures 2 and 3) .
The range of metal concentrations observed in this study is in agreement with the results reported by Quaghebeur et al. (2013) , who also studied the metal contents in the fine fraction (<10 mm) obtained from excavated waste in the Remo landfill, located in the province of Limburg in Belgium, suggesting this might be a preliminary indication of similar characteristics in different European landfills, even though additional studies are needed to corroborate such a statement.
The recovery rates are shown in the Table 1 ; it can be observed that whereas the sequentially extracted concentrations of Pb corresponded well to the total concentrations analysed after the one-step total digestion, the recovery rates from the eight samples for Cu varied from 57% (with a significantly lower total concentration in the sequential leaching) to 169% (with significantly higher total concentrations), suggesting either instabilities in the extraction and/or analysis protocols for this element, or a more pronounced heterogeneity of the fine fraction regarding the sources of Cu and consequently the Cu content.
Distribution of metals in the fine fraction
Despite the frequent use of total metal concentrations as an indicator of potential ecological risks, a better understanding of such risks and metals mobility is brought through studies addressed to assess the different geochemical forms in which metals are present in the solid phase (Fathollahzadeh et al., 2014) .
The distribution of the studied metals is shown in Figures 2  and 3 as % by concentration in each of the extracted fractions (F1, F2, F3 and residual) and their correspondent concentrations. The results have shown considerable differences in the distribution of Pb and Cu within each specific test pit or layer, although when considering all test pits and layers together, the trend was considerably similar. The differences within the same test pit or layer confirm the different binding characteristics and also reactivity of Cu and Pb, as suggested by Xiaoli et al. (2007) . The potential impacts on the environment are caused to a great extent by the exchangeable fraction (F1), since the metals in this fraction are easily mobile. On the other hand, the presence of metals in the exchangeable fraction suggests an easier and more costeffective process of metal recovery. As shown in Figures 2 and 3 , low average partial contributions (% by concentration) of metals bound to the exchangeable fraction were observed, with Pb being the metal with the highest % of association ranging between 8% and 11% by concentration in different test pits and 4% and 8% by concentration in different layers (Figure 2(a) ). On the other hand, Cu had an average maximum partial contribution as low as approximately 4% by concentration in L 3 (Figure 3(c) ). By transforming the results of partial contribution into concentrations, it was observed that whereas Pb had concentrations ranging between 15 and 20 mg kg -1 for test pits and layers (Figure 2(b) and (d)), Cu had its highest concentration of 20 mg kg -1 in L 4 , which was comparable to the concentrations of Pb in F1. The small association of studied metals with the mobile fraction gives a preliminarily positive status in terms of mobility and potential risks to the environment posed by the studied fine fraction, although the process of metal recovery becomes more complex.
The second fraction of extracted metals, the reducible fraction (F2), is released after extraction with a reducing agent that dissolves oxidized minerals. The results have shown that whereas Pb was considerably associated with the reducible fraction (the average association between 15% and 37% by concentration), Cu had a maximum average association with F2 as low as 4% by concentration. Considering the corresponding concentrations in the reducible fraction (F2), the highest average concentration was observed for Pb in L 4 with 108 mg kg -1 . On the other hand, the average concentrations of Cu ranged between 2 and 18 mg kg -1 , detected in TP 3 and L 4 , respectively.
The oxidizable fraction (F3) corresponds to metals bound to organic matter or in precipitate forms as metal sulphides. Although the metals in F3 are not highly mobile, the release can occur in the presence of oxygen due to favourable conditions to organic matter and sulphide oxidation. The results have shown considerably high associations of Cu, with F3 ranging between 63% and 86% by concentration (Figures 3(a) and (c)). A major part of Pb was also found associated to F3, with average associations ranging between 34% and 45% by concentration (Figures 2(a) and (c)), even though Pb was found more equally distributed among the other fractions mainly considering F2, F3 and F4, differently than Cu. The associations of Cu and Pb with F3 corresponded to concentrations ranging between 102 and 364 mg kg -1 and 65 and 200 mg kg -1 , respectively. Considering the scenario of landfill mining where old landfilled waste is excavated, allowing oxygen diffusion through both the excavated waste and the masses remaining in the landfill, a potential release of compounds associated with F3, such as Cu and Pb, is expected. These results suggest that storage of the studied fine fraction and respective leachate generated must be considered in order to avoid potential release of Cu and Pb. High associations of Cu with the oxidizable fraction, either bound to organic matter or as metal sulphides was reported by Flyhammar (1997) , who has studied the fraction <2 mm of waste in a Swedish landfill. However, despite the environmental problems resulting from such high associations to the oxidizable fraction, these results suggest the possibilities of using aerationbased techniques to recover Cu and Pb from the studied fine fraction and re-inject them in the market considering the high importance and focus given to the circular economy nowadays.
Assessment of environmental implications
Risk assessment code. According to Pan et al. (2013) , the risk assessment code (RAC) is an additional way of assessing the risks of metal mobility, potential environmental and ecological impacts, since it indicates the proportion of the metals concentration in the mobile fraction (F1) in relation to the total concentration (F1+F2+F3+residual). The RAC was calculated according to Equation (4) below RAC=F1/total concentration *100%
(4)
The RAC was calculated separately for each test pit (average of the four layers) and each layer (average of the four test pits) and then a risk classification was given in % by concentration as follows: RAC <1% safe, RAC 1-10% low risk, RAC 11-30% medium risk, RAC 31-50% high risk and RAC >50% very high risk (Pan et al., 2013) . As observed in Figure 4 , the results have shown RAC values for Pb and Cu falling in the class of low risks of mobility in most of the samples taken in the different test pits (Figure 4(a) ) and layers (Figure 4(b) ), suggesting that due to the low ranges of association of these metals to the exchangeable fraction (F1), no considerable concerns regarding environmental impacts are expected. The only metal that was posing medium risks of mobility was Pb (according to the RAC results), with RAC values of 12% and 11% by concentration in TP 3 and TP 4 , respectively (Figure 4(a) ). The results of RAC corroborated the findings obtained for the metals fractionation, which showed that Pb was the metal with the highest contribution in the mobile fraction mainly when considering such contribution in relation to the total concentration and, therefore, Pb was the metal with medium risks of mobility.
Conclusions
In the present study, fractionation of metals in the fine fraction (<10 mm) of excavated solid waste from an Estonian landfill was studied in order to evaluate Pb and Cu contents together with the following: (1) the potential environmental problems caused by the mobility of such metals and (2) the potential for metal recovery and recycling of Cu and Pb into the economy. The results have shown that Pb was highly associated with the reducible (F2) and oxidizable (F3) fractions, suggesting the potential mobility of this metal mainly in contact with oxygen, despite the low association with the exchangeable fraction (F1). Cu has also shown potential for mobility and bioavailability when in contact with oxygen, since there are high associations with the oxidizable fraction (F3). On the other hand, the mobility of both metals and also considerable association to the exchangeable fraction (F1) can be the initial motivation for further studies focused on the development and optimization of cost-effective techniques to extract/recover Pb and Cu from the fine fraction and have them back in the European economy. To conclude, fractionation studies can bring important information on how to proceed and manage the fine fraction of excavated waste from landfills, both in terms of environmental impacts and also material recovery.
